Abstract -A mass mortality was detected in the downstream section of one of the most extensive French populations of the endangered white-clawed crayfish, Austropotamobius pallipes, on June 26, 2013. This population occupied a 12 km stretch of the La Lucelle brook, with an estimated size of around 150 000 individuals. The presence of the crayfish plague pathogen was quickly diagnosed as the cause of the mortality, and monitoring was carried out to follow the spread of the disease from 15 July 2013 for one year. Results showed that after a fast spread between 15 and 25 July 2013 (upstream progression of mortality for about 4 km), the mortality front was limited to a stretch of a few hundred meters from August until December 2013. During winter, mortality was always observed, confirming that disease remained active. In April 2014, the mortality front was halted by a large dam in the brook (2 m high), 0.56 km from brook source. Two months later, 30 live crayfish were observed above the dam. On the 30 August 2014, no crayfish were found above the dam. Infected individuals analysed for microsatellite markers confirmed the Pacifastacus leniusculus strain of Aphanomyces astaci at the origin of this outbreak. Before the crayfish plague spread upstream of the large dam, a sample of 576 individuals was collected from upstream of the dam and translocated to another stream in the same French department. In July 2014, observations by night confirmed the presence of translocated white-clawed crayfish in the receiving brook. 
Introduction
Over recent decades, the distribution of the white-clawed crayfish Austropotamobius pallipes (Lereboullet, 1838) has become restricted and fragmented throughout its natural range in Europe Holdich et al., 2009; Kouba et al., 2014) . In France, the situation is particularly alarming. A survey conducted by the National Office for Water and Aquatic Habitats (ONEMA) has shown that the number of A. pallipes populations has considerably declined over the last 30 years (Collas et al., 2007) . In a detailed case study in the Poitou-Charentes region of France, Bramard et al. (2006) reported a 70% diminution of the number of populations between 1978 and 2006, from 148 populations to 45, with a further loss of 40% in the last 6 years. As a result of this decline, A. pallipes is now listed in the IUCN Red Book of endangered species since 2010 (Füreder et al., 2010) also under Annex 2 of the EU Habitats Directive as a species requiring special conservation measures.
Among the factors given to explain the disappearance of most A. pallipes populations, the crayfish plague caused by the oomycete pathogen Aphanomyces astaci Schikora, 1906 is one of the main reasons, having affected many populations throughout Europe (e.g. Holdich et al., 2009; Alonso et al., 2000; OIE, 2009 ). The first European outbreak of the plague was recorded in 1859 in northern Italy (Alderman, 1996) . In France, the disease first appeared in 1874 at Plateau des Langres (Alderman, 1996) and is considered to be the second wave of mass mortalities in Europe. Since then, large outbreaks due to the plague have been reported in many European countries, most of them associated with the presence of American crayfish species acting as potential carriers of A. astaci (e.g., Filipová et al., 2013) . Several American crayfish species have been successfully introduced into Europe, including mainly the spiny-cheek crayfish Orconectes limosus (Rafinesque, 1817), the signal crayfish Pacifastacus leniusculus (Dana, 1852) and the red swamp crayfish Procambarus clarkii (Girard, 1852). As they are invasive, they are now very common in much of Europe . Recently, several molecular methodologies have been developed to detect A. astaci directly from infected crayfish tissues (Oidtmann et al., 2006; Vrålstad et al., 2009 Vrålstad et al., , 2014 Tuffs and Oidtmann, 2011; Grandjean et al., 2014) and have improved the possibilities for screening for this pathogen (Kozubíková et al., 2008; 2011b; Aquiloni et al., 2010; Vrålstad et al., 2011; Pârvulescu et al., 2012) . These studies confirmed that all of these North American crayfish species can carry crayfish plague and so can freshwater crab species (Svoboda et al., 2014; Schrimpf et al., 2014) . In a large scale epidemiology screening in France, Filipova et al. (2013) reported that 29 out of 54 populations of P. leniusculus were infected by A. astaci.
Five groups of A. astaci strains have now been described based on RAPD analysis on pure culture: group A that comprises A. astaci strains isolated from infected European crayfish species (Astacus astacus (Linnaeus, 1758) and Astacus leptodactylus (Eschscholtz, 1823) ) and with an original host still remaining unknown; groups B and C that contain strains isolated from P. leniusculus of Californian and Canadian origin, respectively (Huang et al., 1994) ; group D, isolated from P. clarkii and showing physiological adaptations to warm waters (Diéguez-Uribeondo et al., 1995) ; and group E isolated from O. limosus (Kozubíková et al., 2011a) . These genotype groups have been recently confirmed using specific microsatellite markers from A. astaci . In a comparative study to test the virulence among strains, Makkonen et al. (2012) reported that strains from group B are more virulent than strains from group A.
When plague occurs in a European crayfish population, the population is generally eliminated within short periods of time (Kozubíková et al., 2008; OIE, 2009 ) although a few cases of chronic infections have been recently reported for indigenous European crayfish species (Caprioli et al., 2013; Kušar et al., 2013; Viljamaa-Dirks et al., 2013) . In some cases, the presence of a pond or dam may limit the upstream spread of disease (Kozubíková-Balcarova et al., 2014) . Due to its virulence and devastating impact on indigenous European crayfish species, the crayfish plague pathogen has been classed among the world's 100 worst invasive alien species (Lowe et al., 2004) .
However, although mass mortalities due to the plague are widespread throughout Europe, generally no detailed monitoring has been performed to estimate the spread of the disease over time. Among the symptoms that could be observed during a crayfish plague outbreak, is the presence of moribund crayfish with behavioral abnormalities, such as the phenomenon of "walking on stilts" in which infected individuals stand on the tips of their walking legs (Alderman and Polglase, 1988) or a slow or no tail escape response. This behavior affects all age classes of the population. Most outbreaks are indirectly linked to the presence of American crayfish populations living close to a native crayfish population (Viljamaa-Dirks et al., 2013) although in some cases, the link is not so straightforward (Kozubíková-Balcarova et al., 2014) .
In June 2013, a massive outbreak episode affected one of the largest and most widespread populations of white-clawed crayfish in a border brook between France and Switzerland. This population extended over 12 km and was considered as a potential reservoir for restocking (Reichen and Periat, 2002; Stucki and Zaugg, 2006) The presence of moribund and dead crayfish was observed by Swiss authorities on 21 June 2013 in a downstream part. Plague was suspected and quickly confirmed by molecular analysis in the beginning of July 2013. This outbreak gave us the opportunity to follow the spread of mortality front for one year. The A. astaci strain involved in this outbreak was characterized using specific molecular makers recently developed by Grandjean et al. (2014) . Finally, crayfish from the upstream part, free of plague at the time of translocation, were rescued by French authorities of ONEMA and translocated to a suitable brook free of non-indigenous crayfish.
Materials and methods
La Lucelle (Long. 7
• 15 51 E, Lat. 47
• 25 34 N) is a 27 km long brook, on the border between France and Switzerland (Figure 1 ), and it is located in the Rhine drainage. The headwaters are dammed at 0.5 km from the source, forming a lake of 5 ha. This brook runs through forested calcareous hillsides and flows into the Birse River. The brook varies from 10 to 80 cm in depth and 4 to 6 m in width. Flow rates and sediment granulometry are also varied. Stones and gravel (80%) are predominant whereas sand and clay are less well represented. There is intact riparian vegetation with the presence of roots of ash and alder trees. The crayfish population occurs over 12 km in the most upstream part of the brook. Population size was estimated by CRM (capturemark-recapture) in 2009 by ONEMA.
Monitoring and sample collections
The outbreak was initially reported on 21 June 2013 by the Swiss fishery authorities in the most downstream part of the population. French authorities of ONEMA were informed on 4 July 2013 and fourteen field surveys were conducted from 15 July 2013 until 10 July 2014 (Table 1) .
Field operations were carried out by day or by night, using lights. For each field survey, 6 people divided into 3 teams walked along the banks to detect dead, dying or living specimen in order to delimit the mortality front. In daylight, handsearches under stones were also performed in downstream direction (Table 1) . Additionally, traps baited with sardines were used on 22 April to confirm the mortality front and to collect samples to analyze the status of infection of individuals below the dam (Table 1) .
The numbers of crayfish observed live or dead were recorded on 17 July and 12 August 2013, and 17 March 2014 (Table 1) .
Detection of Aphanomyces astaci by quantitative real time-PCR
Sampled crayfish were stored in 96% ethanol. Tissue from one half of the soft abdominal cuticle and one uropod was dissected from each crayfish using sterile instruments. Dissected tissues from each individual were placed in a single 1.5 mL tube, dried and stored in a deep-freezer at −80
• C. Before further processing, 360 µL of ATL Buffer from the DNeasy tissue kit (Qiagen) and 40 µL of proteinase K solution were added to the dissected material. The mixture was then crushed by one scoop (ca. 50 µL) of stainless steel beads (1.6 mm diameter) using a BBX24B Bullet Blender (Next Advance) for 10 min at maximum speed. 400 µL of the Buffer AL were added to DNA extractions from the crushed cuticle, then followed the rest of the spin-column protocol of the DNeasy tissue kit.
Isolated material was then tested for the presence of A. astaci by the quantitative TaqMan r MGB real-time PCR developed by Vrålstad et al. (2009) , using the LightCycler 480 Instrument (Roche). Experimental procedures were identical to those used by Filipova et al. (2013) . Based on their PFU values, samples were classified into semi-quantitative categories of pathogen load, ranging from A0 (no traces of A. astaci DNA) to A7 (extremely high amount of A. astaci DNA in the sample), as proposed by Vrålstad et al. (2009) .
(i) Diagnosis of plague detection and strain determination
10 dead individuals of A. pallipes were sampled on 15 July 2013 for plague detection and genotyping. Eight microsatellite loci developed by Grandjean et al. (2014) were genotyped on 5 samples. All of them were positive for A. astaci presence, with level of infection ranging from A4 to A6 (moderate to high infection levels) according to Vrålstad et al. (2009) . All experimental procedures for microsatellite genotyping were identical to those described in Grandjean et al. (2014) .
(ii) Detection of plague-free crayfish for possible translocation
On 18 December 2013, 15 crayfish from small brook sections downstream and upstream of the dam 'f' (Figure 2) were analysed using the same protocol to test if there are some plague-free crayfish for translocation purposes.
(iii) Characterization of infected crayfish along mortality front
On 21 
Results

Survey
The first dead crayfish were observed on 21 June 2013 in the most downstream part of the crayfish population. On 15 July 2013, 3 sectors were defined. Sector A (coloured red in Figure 2 ) had mostly dead crayfish exhibiting a white mycelium on the body (Figure 1) . In sector B (coloured yellow in Figure 2 ) mortality was in progress, and crayfish were outside their shelters, lacked any escape reaction when we tried to catch them. Some crayfish lay on their backs, slowly moving their legs. In this sector, no crayfish covered by mycelium were observed. Sector C (coloured blue in Figure 2 ) was the most upstream sector, and presumably free of the infection; all crayfish were in their shelters and showed normal escape behaviour. Mortality front was defined as a border between sector A and sector B while disease front was situated between sector B and sector C. At this date the disease front was located between km 5 and 6 ( Figure 2a , Table 1 ).
Surveys every two days showed that the disease front was progressing upstream of 3 km between the 15 july to 25 July 2013. Ten days later, the spread of disease was limited to 300 m further upstream (6 August 2013) (Table 1) . Then, no progression of the disease was reported until the end of December 2013. Two and half months later, the mortality front was located 520 m upstream, a spread of around 170 m per month, just 300 m downstream of the dam (Figures 2 and 3 , Table 1 ). Live crayfish with normal behaviour were observed 4 m upstream from the mortality front. At the end of April 2014, dead crayfish were observed dowstream of the dam. Two months later (30 June 2014), 30 live crayfish were observed above the dam. On the 30 August 2014, no crayfish were found above the dam. The population is considered to have been lost to crayfish plague.
Molecular diagnostics
Genotyping of the A. astaci strain from dead individuals collected on 15 July 2013 showed allele size matching those found for genotype group B (strain originated from P. leniusculus).
Disease levels detected in specimens are summarised in Table 2 . The levels of infection for crayfish in the mortality sector ranged from A3 to A6 (Table 2 ). The number of crayfish collected by traps on 22 April 2014 and their infection status are reported in Table 2 .
The analysis of infection status of crayfish sampled by traps on 22 April 2014 showed that live crayfish collected under stones, located at 40 m above the mortality front, were all infected. At this period, samples from above the dam were free of plague. (Long. 7 • 22 53 E, Lat. 47
Translocation
• 28 01 N) located in the same French department. Its physical morphology is closely similar to that at sites with the white-clawed crayfish in this region, with stones and rocks as the dominant substrates (90% of surface) (Collas, pers. com.) . On 29 June and 5 September 2014, 3 and 2 crayfish respectively were observed during the night search in the receiving brook.
Discussion
This study describes a rapid mass mortality due to crayfish plague in Europe in one of the densest French populations of white-clawed crayfish. The mortality affected all size ranges of crayfish over the 12 km of brook inhabited by A. pallipes. It started around 21 June 2013. The population was considered extinct at the end of August 2014. As generally observed in plague outbreaks, the disease first occurred downstream and spread quickly upstream.
However, the speed of spread over the survey period was quite variable. From the start of the outbreak in mid-June to the beginning of August, an extremely rapid spread of infection was reported, with the disease front estimated to move around 3 km upstream. Then, a stagnation of the disease front was observed from August to the end of 2013. During winter, the disease front spread 520 m upstream. This result showed that the outbreak was active even during winter, an unexpected finding according to the literature (OIE, 2009) but also reported by Kozubíková-Balcarova et al. (2014) in some outbreaks in the Czech Republic.
These differences in rate of spread of the infection in this population were difficult to explain, but several hypotheses could be drawn. (i) It is known that crayfish density can act on the quantity of spore production during an outbreak (Caprioli et al., 2013) . If so, we could expect more spore production in areas of high density and a quick spread of infection. Conversely, where densities are lower, fewer zoospores are produced, which may limit the speed of infection. Over the 12 km colonized by crayfish, density may have fluctuated along the brook. (ii) Water temperature is also known to have an impact on the production of zoospores (Strand et al., 2012) . At low temperatures the life cycle of A. astaci is longer, limiting the speed of the disease because the production of zoospores was reduced. In our case, it could explain the limited progression of the outbreak during the winter period, but not the stabilization of the disease front in August and September, when water temperature was highest. (iii) Natural waterfalls present between km 3 and 4 could act as a barrier limiting the upstream progression of disease.
One year after the beginning of the outbreak, crayfish mortality had affected the whole population. In a case study on status and recovery of autochthonous crayfish populations after plague outbreaks, Kozubíková-Balcarova et al. (2014) reported that the presence of migration barriers (1 or 2 m high) on the streams stopped the spread of the disease in three cases. Migration barriers as effective measures to prevent upstream spread of the disease had also been reported by Rahel (2013) . More relevant examples of functional migration barriers were also reported in Vrålstad et al. (2011) . In our study, the 2 m high dam did not prevent the upstream spread of the disease. However, as the dam has an outfall pipe at the bottom, crayfish or fish could be able to pass through when the flow is not too strong. Other vectors such as other animals (e.g. semiaquatic mammals or birds) may have carried spores from down to and above the dam.
Due to the extreme rapidity of the spread of the disease and the total mortality of infected crayfish, the characterization of strain B involved in this outbreak was not surprising. This strain is considered highly virulent and has been involved in massive outbreaks, particularly in Norway, Finland, Czech Republic and France (Viljamaa-Dirks et al., 2013; Kozubíková-Balcarova et al., 2014; Grandjean et al., 2014; Strand et al., 2014) . This strain is specific to P. leniusculus which often shares the habitat of the white-clawed crayfish in France (Bramard et al., 2006; Filipova et al., 2013) which means that this strain is particularly well adapted to the water conditions of the La Lucelle brook. No signal crayfish were observed during the survey but several populations are established in the same hydrographic basin. Underlying this study is the persistent question of how the disease arrived to infect the La Lucelle population. Unfortunately, we do not have a clear answer. The spores of the fungus can be carried by a variety of means: in water, on fish, in mud on boots, and on fishing equipment (OIE, 2009; Reynolds, 1988) . The non-observation of signal crayfish was not a guarantee of its absence. Indeed, signal crayfish could go undetected for decades after introduction in large aquatic ecosystems such as lakes or large rivers (Johnsen et al., 2007; Vrålstad et al., 2011) . The presence of signal crayfish could be due to a natural colonization from specimens of populations already established in the same drainage or by illegal introduction by man. Introduction by man is by far the most common scenario of signal crayfish spread in France (Bramard et al., 2006) . Further monitoring using cages with indigenous crayfish and/or water monitoring of A. astaci spore content in the years to come can reveal if the infection has disappeared (expected in case of no crayfish) or remain (expected if signal crayfish are present). In the case of plague-free situation, this brook could be restocked in the next few years. It would be interesting to check the infection status of signal populations around and inform anglers about the risk of disease propagation. The disease is very difficult to control and outbreaks are impossible to predict. However it is very easy to prevent by simple biosecurity measures (cleaning and drying gear).
The analysis of infection status of individuals caught by traps from the mortality front up to the dam shows that crayfish were infected 100 m above the mortality front. Probably this distance might have been longer if there was no dam. Then, a rescue attempt of live crayfish above the mortality front would be very risky. In our case, the presence of a dam upstream combined with negative results from molecular plague detection offered us the possibility to rescue some crayfish. The precautionary principle on target habitats (Souty-Grosset and Reynolds, 2009) was applied in introducing the rescued crayfish into a suitable brook free of crayfish and located in the same hydrographic basin.
